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I 
摘  要 






网功能的紊乱。线粒体电子传递链(mitochondrial electron transmission chain, METC)是
线粒体合成 ATP 的基本组成部分，其受到损伤会诱导细胞活性氧(ROS)的升高，ATP
合成受阻，从而影响细胞稳态平衡的破坏。内质网应激(endoplasmic reticulum stress, 
ERS)是内质网对细胞内外因素刺激的应答反应；已有报道纳米材料进入细胞后有可能
导致内质网内未折叠或错误折叠蛋白堆积，引发 ERS。因此，本研究通过探讨超顺磁
氧化铁纳米颗粒(superparamagnetic iron oxide nanoparticles, SPIO-NPs 或 SPIONs)和碲




方法：1. SPIONs 靶向细胞 METC 诱导肝细胞反应性和肝癌细胞抗肿瘤效应的研
究：采用不同浓度 SPIONs 处理癌细胞系(包括人肝癌 HepG2 细胞和 QGY-7703 细胞，
小鼠神经瘤母细胞 N2a)和正常细胞系(包括人正常肝细胞 QSG-7701、小鼠巨噬细胞
Raw264.7 和小鼠成纤维细胞 NIH3T3) 12 h 后检测相关指标。(1) 透射电子显微镜(TEM)
与动态光栅(DLS)检测 SPIONs 的形态、粒径大小和 Zeta 电位；(2) MTS 颜色反应法检
测各处理组细胞存活率；(3) 普鲁士蓝染色及石墨炉原子吸收光谱法(GF-AAS)检测不
同细胞对 SPIONs摄取量；(4) TEM观察 SPIONs在细胞内的分布及细胞器形态的改变； 
 
*本课题受国家自然科学基金(Nos. 81472997, 81573181, 81402648)、973 计划前期研究专项(No. 
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 (5) 检测线粒体 ATP 合成、线粒体膜电位的改变、Ca2+和细胞色素 c 分布综合评价纳
米材料对线粒体功能的影响；(6) SPIONs 诱导 HepG2 和 QSG-7701 细胞凋亡水平的差
异；(7) 检测细胞谷胱甘肽(GSH)的含量，比较癌细胞和正常细胞抗氧化能力，并加入
外源性 GSH 验证；(8) 检测细胞线粒体 ROS 含量的改变，评价细胞线粒体氧化应激
水平；并给予外源性加入线粒体 ROS 特异性抑制剂 MitoTempo 和广谱 ROS 抑制剂
NAC 进行验证；(9) 应用全基因组表达芯片(DNA microarray)检测 SPIONs 诱导的
HepG2 细胞差异表达的基因(DEGs)，再利用生物信息学方法分析差异基因所涉及的分
子功能(MF)、生物过程和信号通路(BP)，并通过 qRT-PCR 进行相关基因验证。 
    2. CdTe-QDs 诱导肾细胞 ERS 介导自噬的生物学效应相关研究：CdTe-QDs 处理
人胚肾(HEK)细胞 12 h，以 CdCl2 和 Na2TeO3 处理为对照，进行体外实验；给予 8～10
周龄，体重 25～30 g 的雄性 BALB/C 小鼠尾静脉注射 8、16 nmol/kg 体重的 CdTe-QDs
暴露 24 h，建立动物 CdTe-QDs 暴露模型进行体内实验。材料表征方法：紫外-可见光
光谱法、高分辨率透射电子显微镜(HRTEM)和动态光散射(DLS)法进行 CdTe-QDs 材
料表征。细胞模型中检测指标：(1) MTS、CCK-8 和 LDH 释放实验检测各处理组 HEK
细胞存活率；(2) 激光共聚焦显微镜和 TEM 观察 CdTe-QDs 在细胞内的分布；(3) 实
时荧光定量 PCR (qRT-PCR)、蛋白免疫印迹(Western Blot)、激光共聚焦显微镜检测
CdTe-QDs 处理组 HEK 细胞 ER 应激和自噬的发生；(4) 溶酶体抑制剂氯喹(CQ)验证
自噬流的发生，ERS 抑制剂 4-PBA 及 GRP78 小干扰 RNA (siGRP78)干预验证 ERS 和
自噬的调控关系；(5) 建立不同入胞方式抑制模型，探讨 HEK 细胞对 CdTe-QDs 的摄
取方式；(6) 利用已构建的 HEK 报告基因(HEK-SEAP)细胞，应用于不同纳米材料诱
导 ERS 的检测、验证与评价。动物模型检测指标：(1) HE 染色观察肾脏组织形态改变；
(2) 血清和全血肾功能生化指标；(3) GF-AAS 检测主要脏器(心、肝、脾、肺、肾)、
尿液、粪便及血液中 Cd 元素含量；(4) 小动物活体成像系统检测 CdTe-QDs 在小鼠体
内主要器官的分布；(5) Western Blot和 qRT-PCR检测ERS及自噬相关的蛋白和mRNA
水平；(6) IHC 观察肾脏组织 ERS 及自噬相关蛋白的表达及分布。 
结果：1. SPIONs 对癌细胞和正常细胞线粒体产生不同的影响，诱导的生物效应
存在差异，研究发现：(1) SPIONs 在培养基中的粒径接近 97 nm，Zeta 电位为 28.4 ±5.7 
nm；(2) 15、20 µg/mL 的 SPIONs 诱导癌细胞存活率显著性降低，而对正常细胞存活
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结果显示细胞摄取 SPIONs 在细胞质和细胞核中均有分布，且在癌细胞中线粒体形态
发生肿胀和断裂等现象；(5) SPIONs 导致肝癌 HepG2 细胞 ATP 合成量降低、线粒体
膜电位(MMP)下降、Ca2+分布紊乱及细胞色素 c 释放进入胞质，而对正常肝细胞
QSG-7701 的线粒体功能无显著影响；(6) SPIONs 诱导 HepG2 细胞中 Bcl-2 蛋白的降
低、Bax 蛋白升高，同时 caspase 3 剪切体蛋白升高，说明线粒体依赖性凋亡通路被激
活；但是 SPIONs 并没有影响 QSG-7701 细胞中线粒体依赖性凋亡相关蛋白水平；(7) 
SPIONs 诱导 HepG2 细胞 GSH 含量降低，给予外源 GSH 可以部分挽救细胞存活率；
但是 SPIONs 对 QSG-7701 细胞 GSH 含量没有显著性改变；(8) SPIONs 诱导 HepG2
细胞线粒体ROS产生增多，给予ROS清除剂NAC和MitoTempo能够降低线粒体ROS，
减少 caspase 3 剪切体蛋白含量，降低线粒体依赖性凋亡；(9) DNA microarray 检测和
生物信息学分析结果显示 SPIONs 诱导 HepG2 细胞的 DEGs，涉及到分子功能主要是
金属离子结合功能，而涉及的 BP 主要有 METC 等过程；挑选代表性 DEGs 进行
qRT-PCR 验证，趋势与 DNA microarray 结果相符。 
2. CdTe-QDs 通过诱导肾细胞 ERS 的发生调控自噬。CdTe-QDs 材料表征可见：
紫外-可见光吸收光谱的波峰在 552 nm，紫外激发的发射波长为 525 nm，HRTEM 显
示的粒径为 4.08 nm。体外实验结果可见：(1) 相同摩尔浓度的 CdTe-QDs 比 CdCl2 和
Na2TeO3 对 HEK 细胞具有更大的细胞毒性；(2) 激光共聚焦显微镜观察到 CdTe-QDs
与内质网、线粒体和溶酶体分布共定位；(3) CdTe-QDs 诱导 HEK 细胞 ERS 相关标志
GRP78 和 ATF4 蛋白和相应 mRNA 水平升高，同时自噬负调控蛋白 p-AKT 和 p-mTOR
表达量降低，自噬标志分子 p62 和 LC3-Ⅱ蛋白升高，提示 mTOR 信号通路被抑制、
自噬被激活，表明 CdTe-QDs 诱导 HEK 细胞 ERS 和自噬的发生；(4) CQ 可抑制自噬
体与溶酶体的融合，加入 CQ 后 LC3 增强更加明显，说明 CdTe-QDs 诱导了 HEK 细胞
自噬流的形成；CdTe-QDs 诱导 GRP78、ATF4 及 LC3-Ⅱ表达升高，在给予 4-PBA 或
者 siGRP78 处理可抑制 ERS 相关蛋白 GRP78 和 ATF4 表达，同时 LC3-Ⅱ蛋白表达降
低，说明 ERS 调控自噬发生；(5) HEK 细胞摄取 CdTe-QDs 后细胞中 Cd 含量高于 CdCl2
处理组，且 CdTe-QDs 在模拟溶酶体酸性环境下释放 Cd2+；(6) 采用 HEK-SEAP 报告
基因细胞，筛查发现 CdTe-QDs 和 ZnO-NPs 能够激活细胞 ERS 发生，利用 WB 和 MTS
验证 ERS 相关蛋白表达升高同时未见细胞活力降低，说明 HEK-SEAP 报告基因系统
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染色未见小鼠肾脏组织形态学的改变；(2) 肾功能指标显示，尿酸(UA)随着 CdTe-QDs
剂量增加而降低，肌酐(CREA)和尿素氮/肌酐比(BUN/CREA)在高剂量组显著升高，提
示急性静脉暴露 CdTe-QDs 可导致小鼠急性肾功能紊乱。CdTe-QDs 对小鼠红细胞数目
(RBC)及血红蛋白(Hb)的含量没有显著影响，但高剂量组引起了白细胞数目(WBC)增高
和血小板(PLT)含量降低，提示高剂量 CdTe-QDs 暴露可引起小鼠急性炎症反应；(3) 
GF-AAS 结果显示，肝脏和肾脏组织中 Cd 元素含量最高，小动物荧光成像系统观察
到小鼠肝脏和肾脏荧光值最强，提示急性暴露后在肝、肾中的分布；(4) CdTe-QDs 诱
导小鼠肾脏组织 ERS 和自噬相关的蛋白和 mRNA 水平升高；(5) IHC 也观察到小鼠肾
脏组织 ERS 和自噬相关蛋白表达增高。 
    结论：1. 本研究阐释了 SPIONs 通过选择性靶向癌细胞 METC 调控细胞凋亡的机
制，为 METC 作为新的纳米材料抗癌靶点的潜在应用和安全性评估提供新的思路和方
向。2. 体内、外实验阐明了 CdTe-QDs 通过诱导肾细胞 ERS 介导调控细胞自噬的机制，
为医用纳米材料的开发设计与安全性评价提供理论依据。3. 以 ERS 为靶点构建的
HEK-SEAP 报告基因体系能够初步应用于纳米材料诱导肾细胞 ERS 发生的评价，为
ERS 作为早期生物标志应用于纳米材料安全性评价提供一种策略。 
关键词：超顺磁氧化铁纳米颗粒  线粒体电子传递链  碲化镉量子点  内质网应激  
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Abstract 
Objectives: With the advancement of nanotechnology, commercial productions of 
nanomaterials play great roles in people’s life, such as cosmetics, coatings, textiles, medical 
dressings, medical imaging contrast agents and biological agents. People are easily exposed 
to the nanomaterials directly or indirectly through the respiratory tract, digestive tract, skin 
and intravenous injection, which may cause potential public health problems, such as liver 
and kidney injury and lesions. However, the current researches can not fully clarify the 
biological effects of nanomaterials and their toxicological mechanism, as well as the targets 
and molecular mechanism of medical nanomaterials have not yet fully elucidated. Many 
nanomaterials have been reported to induce mitochondrial and endoplasmic reticulum 
dysfunction. Mitochondrial electron transport chain (METC) is an essential component of 
mitochondrial synthesis of ATP. The damage of METC will increase ROS level and reduce 
ATP contents, which leads to the cell homeostasis disorder. Endoplasmic reticulum stress 
(ERS) can be induced by many kinds of intracellular and extracellular factors. It has been 
reported that nanomaterials can cause accumulation of unfolded or misfolding proteins in 
the endoplasmic reticulum and trigger ERS. Therefore, the potential adverse health effects 
of nanomaterials have been paid great concerns in academics, governments, and even public. 
To investigate the biological effects of superparamagnetic iron oxide nanoparticles (SPIONs) 
and cadmium telluride quantum dots (CdTe-QDs) on the mitochondria and endoplasmic 
reticulum, we elucidated the effects of nanomaterials on METC and ERS. Our studies are 
helpful for designing anti-cancer nanotheranostics and evaluating the safety of future 
nanomedicines. 
Methods: 1. METC identified as a novel molecular target of SPIONs mediated 
cancer-specific cytotoxicity: SPIONs were used to treat cancer cell lines (HepG2 cells, 
QGY-7703 cells and N2a cells) and normal cell lines (QSG-7701 cells, Raw264.7 cells and 
NIH3T3 cells) for 12 h at the concertration of 0, 2.5, 5, 10, 15, 20 µg/mL and then we 
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microscopy (TEM) and dynamic grating (DLS) were used to detect the morphology, size 
and zeta potential of SPIONs. (2) MTS assay was used to detect the cell viability of 
different cells treated with or without SPIONs. (3) Prussian blue staining and graphite 
furnace atomic absorption spectroscopy (GF-AAS) were performed to detect cell uptake. (4) 
TEM was used to observe the distribution of SPIONs in the cells and the organellar 
morphology. (5) To evaluate the effect of nanomaterials on mitochondrial function, we 
detected mitochondrial ATP synthesis, mitochondrial membrane potential, Ca2+ and 
Cytochrome c distribution in cells. (6) Apoptosis level in SPIONs-treated HepG2 and 
QSG-7701 cells using Western Blot. (7) We detected GSH levels in SPION-treated HepG2 
and QSG-7701 cells using GSH detecting kit, and added exogenous GSH to rescue cell 
viability. (8) Measuring the mitochondrial ROS content and adding MitoTempo, a 
mitochondrial ROS scavenger, to recover the mitochondrial oxidative stress in 
SPION-treated HepG2 cells. (9) The DNA microarray was used to detect and analyze the 
differential expression genes in SPIONs-treated HepG2 cells, which was verified by 
qRT-PCR. Bioinformatics were applied to analyze the molecular functions, biologicial 
processes, and signaling pathways involved in differential expression genes. 
2. The study on ERS involved in renal autophagy and dysfunction triggered by 
CdTe-quantum dots. In vitro, human embryonic kidney (HEK) cells were exposed to 
CdTe-QDs, CdCl2 and Na2TeO3 for 12 h. (1) the nanoparticles were characterized using 
UV-VIS absorption spectrum, DLS and TEM. (2) MTS, CCK-8 and LDH release assays 
were used to detect the cell viability of HEK cells. (3) Cellular distribution of CdTe-QDs in 
cells was observed through using TEM and confocal microscopy. (4) qRT-PCR, Western 
Blot and Confocal microscopy were used to detect the ER stress and autophagy in HEK 
cells treated with CdTe-QDs. (5) The lysosome proteolysis inhibitor, chloroquine, was used 
to detect autophagy flux; ERS inhibitor (4-PBA) and siGRP78 were used to verify the 
regulation of ERS on autophagy. (6) Several endocytosis inhibitors were appilied to study 
the uptake way of CdTe-QDs in HEK cells. (7) The constructed HEK-SEAP reporter gene 
system was applied to evaluate ER stress induced by different nanomaterials. In vivo, 
BALB/C mice, 8-10 weeks-old, were intravenously injected with 8 and 16 nmol/kg body 
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morphology. (2) Serum parameters for renal function and blood index were performed to 
evaluate the injury of kidney. (3) GF-AAS was applied for detecting the content of Cd2+ in 
major organs (heart, liver, spleen, lung, and kidney). (4) Distribulition of CdTe-QDs in mice 
was observed by Caliper IVIS Lumina II in vivo Imaging System. (5) Western Blot and 
qRT-PCR were used to detect the expression of ERS and autophagy-related molecules. (6) 
Immunohistochemistry (IHC) was performed to observe ERS and autophagy-related 
proteins’ expression and distribution in renal tissue. 
Results: 1. SPIONs selectively targeted cancer cells rather than normal cells. The 
underlying molecular mechanism of SPIONs induced cancer cell apoptosis may involve the 
following processes: firstly, SPIONs enter the endosomes and lysosomes by endocytosis, 
with a few escaping to translocate into the cytoplasm and nucleus, both in normal cells and 
cancer cells; secondly, SPIONs promote the up-regulation of MT gene and protein 
expression to maintain iron ion homeostasis in the cytoplasm; and finally, the MMP is 
decreased and Cytochrome c is released into the cytoplasm, triggering 
mitochondria-dependent apoptosis, which is regulated by Bcl-2 family proteins. SPIONs 
can, however, selectively disrupt the mitochondria in cancer cells by targeting the 
iron-containing components in the METC complexes, resulting in Mito-ROS production. 
Because cancer cells have lower mitochondrial antioxidative capacity with lower GSH 
contents and GRLX5 and HSPA9 expression, they are more sensitive to Mito-ROS stress 
and therefore SPIONs can selectively affect cancer cell mitochondrial function. Our study 
also demonstrated that each Mito-ROS scavenging or additional GSH can prevent 
SPIONs-induced cancer cell apoptosis.  
2. In vitro, CdTe-QDs significantly inhibited the HEK cell viability. The intracellular 
amount of Cd in the CdTe-QDs groups was significantly higher than those in the CdCl2 
groups, which may be a reason for higher cytotoxicity of CdTe-QDs. We further determined 
that clathrin-dependent endocytosis was main mechanism of CdTe-QDs cellular uptake. 
Images from confocal microscopy and TEM showed that CdTe-QDs changed ER 
ultrastructure, such as swelling and vacuolization. We also found that CdTe-QDs induced 
ER stress and autophagy in CdTe-QDs-treated cells. CdTe-QDs-caused autophagy could be 
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vivo, CdTe-QDs mainly accumulated in liver and kidney, which resulted in severely renal 
dysfunction. We also demonstrated that CdTe-QDs caused ER stress and autophagy in mice 
kidney. Notably, a SEAP reporter gene system was developed to confirm the ER stress 
induced by CdTe-QDs. 
Conclusions: We are the first to successfully clarify the molecular mechanism by 
which SPIONs specifically target the METC pathway and influence the structure and 
function of mitochondria in cancer cells, which is critical for the design of SPIONs-based 
theranostics and the evaluation of SPIONs safety for future nanomedicines. Meanwhile, the 
present study for the first time clarifies that CdTe-QDs can cause renal dysfunction and 
autophagy regulated by ER stress both in vitro and in vivo. The SEAP reporter gene system 
is proved to be reliable, sensitive, and rapid for biocompatible assessment of various 
nanomaterials. 
Keywords: SPIONs; Mitochondria electron transport chain; CdTe-QDs; ER Stress; 
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英文缩略语词汇表 
Abbreviations and Acronyms 
英文缩写 英文全称 中文名称 
4-PBA 4-phenylbutyrate 4-苯基丁酸 
AKT RAC-α serine/threonine-protein kinase RAC-α丝氨酸/苏氨酸蛋白激酶 B 
ATF4 activating transcription factor 4 活化的转录因子 4 
ATP adenosine triphosphate 三磷酸腺苷 
Bax Bcl-2-associated X protein Bcl-2 相关 X 蛋白 
Bcl-2 B-cell lymphoma 2-related protein B 细胞淋巴瘤 2 相关蛋白 
BUN blood urea nitrogen 血尿素氮 
Caspase 3 cysteinyl aspartate specific proteinase 3 含半胱氨酸的天冬氨酸蛋白水解酶 3 
CCK-8 cell counting kit-8 细胞活力检测试剂盒 
CdTe-QDs cadmium telluride quantum dots 碲化镉量子点 
Chlor chlorpromazine 氯丙嗪 
Chop CCAAT-enhancer-binding protein homologous protein C/EBP 同源蛋白 
CQ chloroquine 氯喹 
CytoD cyclosporin 松胞素 D 
DAPI 4, 6-diamidino-2-phenylindole 4',6-二脒基-2-苯基吲哚 
DLS dynamic light scattering 动态光散射技术 
ERS endoplasmic reticulum stress 内质网应激 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 甘油醛-3-磷酸脱氢酶 
GF-AAS graphite furnace atomic absorption spectroscopy 石墨炉原子吸收光谱法 
GRP78 glucose-regulated protein 78 葡萄糖调节蛋白 78 
HE hematoxylin and eosin 苏木精和伊红 
HRTEM high resolution transmission electron microscopy 高分辨率透射电子显微镜 
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英文缩写 英文全称 中文名称 
IHC immunohistochemistry 免疫组化 
LC3 microtubule-associated protein 1 light chain 3 微管相关蛋白 1 轻链 3 
LDH lactate dehydrogenase 乳酸脱氢酶 
METC mitochondrial electron transmission chain 线粒体电子传递链 
MRI Magnetic Resonance Imaging 磁共振成像 






NAC N-Acetyl-L-cysteine N-乙酰半胱氨酸 
OD optical density 光密度 
PBS phosphate buffer solution 磷酸盐缓冲液 
PEI polyethyleneimine 聚乙酰亚胺 
QDs quantum dots 量子点 
qRT-PCR quantitative real time polymerase chain reaction 实时定量聚合酶链反应 
ROS reactive oxygen species 活性氧 
SEAP secreted alkaline phosphatase 分泌型碱性磷酸酶 
SPIONs superparamagnetic iron oxide nanoparticles 超顺磁氧化铁纳米颗粒 
TEM transmission electron microscopy 透射电子显微镜 
Tg thapsigargin 毒胡萝卜素 
UPR unfolded protein response 未折叠蛋白反应 
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